Special relationships exist between host animals and their indigenous gastrointestinal microflora. Studies with germfree animals demonstrate that these indigenous bacteria profoundly influence the anatomical, physiological, and immunological characteristics of the host (13) . Conversely, the composition and population levels of the indigenous microbes themselves are influenced by interactions with each other and with the host (10). Little is known concerning the actual mechanisms functioning in vivo in these complex ecological interrelationships among the various members of the gastrointestinal flora or between the flora and the host.
The composition and population levels of the indigenous bacteria colonizing the gastrointestinal tract probably are influenced or controlled by many different mechanisms. Two basic mechanisms that may play important roles in controlling the flora are: (i) local immunity (secretory immunoglobulin A) to antigens of the indigenous bacteria and (ii) bacterial antagonism among the various members of the flora. Any study attempting to elucidate the mechanisms that control the composition and population levels of the indigenous gastrointestinal bacteria should include the strictly anaerobic bacteria, since they are the predominant members of the flora (6) . There is no direct evidence that the immune response of the host has any influence on the populations of the strictly anaerobic bacteria indigenous to the mouse gastrointestinal tract. In fact, it is difficult to elicit a strong immune response by mice to antigens of these indigenous anaerobes (3, 4) .
Bacterial antagonism, sometimes called bacterial interference, is defined as the inhibition of growth or the reduction in numbers of one bacterial species by one or more other bacterial species. The extreme complexity of the indigenous bacterial flora of conventional mice makes it very difficult to design experiments that demonstrate conclusively the mechanisms operating in vivo to control the composition and population levels of certain indigenous bacteria. The many members of the indigenous flora interact with each other and with the host to introduce additional environmental effects on the particular bacterial population being examined. Germfree mice, however, are free from a diverse microflora and can be colonized with a simplified bacterial flora of the particular bacterial species to be examined. This paper describes the development of an in vivo experimental model of bacterial antagonism among three strictly anaerobic bacteria of different genera in the gastrointestinal tracts of gnotobiotic mice. Each of the strictly anaerobic strains was grown on enriched TSA plates in an anaerobic glove box for the optimal incubation time as described above. The bacterial growth was scraped off the plates and suspended in the TSB mixture. The number of bacteria of each anaerobic strain was determined by viable plate counts on enriched TSA. The desired concentrations of bacteria were transferred to sterile glass tubes in the anaerobic glove box and then stoppered with sterile, soft rubber stoppers. The outsides of the tubes containing the strict anaerobes were then sterilized with 2% peracetic acid and introduced into germfree isolators. Inside the germfree isolators, a beveled 2.5-inch (6.5-cm), 22-gauge disposable needle and a 2.5-ml glass syringe were used to penetrate the rubber stopper and withdraw the bacterial inocula. This needle then was replaced with a 2.5-inch, 22-gauge stainless-steel feeding needle with a stainless-steel bulb on the tip (Popper and Sons, Inc., New Hyde Park, N.Y.) for inoculating the mice. The inoculum was injected into each mouse intragastrically and rectally, and the addition of dithiothreitol to it should have reduced any oxygen contamination at this stage of the inoculation procedure. Colonization of the mice was confirmed by examining fecal smears stained with fluorescein-labeled antisera specific for each of the anaerobic strains in the inocula.
Determination 
RESULTS
Colonization of germfree mice with strictly anaerobic bacteria. A great deal of difficulty was encountered in colonizing germfree mice with the strictly anaerobic Bacteroides, Eubacterium, and Fusobacterium strains. Colonization was achieved by adopting the following procedures: (i) colonizing the germfree mice with E. coli C25 for 1 week to lower the oxidation-reduction potential in the gastrointestinal tract before inoculation with the strict anaerobes, (ii) preparing the inocula with anaerobes that had been incubated for the particular time period on agar plates yielding the greatest number of viable cells of each strain (48 h for Bacteroides, 24 h for Eubacterium, and 36 h for Fusobacterium), (iii) suspending the anaerobes in TSB containing 0.3 M phosphate buffer to neutralize stomach acidity and 0.05% dithiothreitol to reduce any oxygen contamination, (iv) transferring the bacterial inocula from the anaerobic glove box to the germfree isolators in tightly stoppered glass tubes, and (v) inoculating the mice intragastrically and rectally with the anaerobic strains to reduce oxygen contamination.
With the above procedures, only 50% of the germfree mice were colonized by the Bacteroides strain after each intragastric inoculation, whereas all of the germfree mice were colonized by the Eubacterium or Fusobacterium strains after the inoculations. Furthermore, germfree mice housed in cages with gnotobiotic mice colonized with E. coli C25 and Bacteroides did not become colonized "naturally" with Bacteroides. Eubacterium and Fusobacterium, however, readily colonized germfree mice placed in cages with gnotobiotic mice that were already colonized with these organisms.
Determination of the population levels of the strictly anaerobic bacteria in gnotobiotic mice. Immunofluorescent counts of bacteria are usually performed by staining smears of the bacteria on glass slides followed by several washings with buffered saline. It is likely that some of the bacteria are washed off the slides during these washing procedures. It is also possible that the degree of "adhesion" of the bacteria to the glass slides is dependent upon the characteristics of each bacterial species. The various strains of strict anaerobes might adhere to the glass slides to different degrees, thereby causing errors in the quantitation of each strain. Consequently, homogenates of intestinal tissue from gnotobiotic mice colonized with either Bacteroides, Eubacterium, or Fusobacterium were stained with specific antisera conjugated with fluorescein, and the fluorescing bacteria were counted in liquid suspension in Petroff-Hausser counting chambers. The population levels of each of the anaerobic strains in the ceca of monoassociated gnotobiotic mice were compared by viable bacterial plate counts, immunofluorescent bacterial counts, and bacterial counts utilizing dark-field illumination (Table  1) . Anaerobic bacteria are quite large and distinctive in shape, and they were easily counted BACTERIAL ANTAGONISM 1069 by using dark-field illumination in homogenates from these monoassociated gnotobiotes. Approximately 100 times more anaerobes were detected by the immunofluorescent method than by viable plate counts. All ofthe bacteria present in the ceca (both living and dead) were counted accurately by the immunofluorescence procedure, since nearly identical numbers of bacteria were counted with either the fluorescence or dark-field method. Thus, the strains of strictly anaerobic bacteria could be quantitated accurately by the immunofluorescent counting method.
Demonstration of antagonism among strictly anaerobic bacteria in the gastrointestinal tracts of gnotobiotic mice. Genrfree mice were colonized for 1 week with E. coli C25 and then divided into four groups and housed in separate isolators. Each of three groups of these monoassociated gnotobiotic mice was inoculated intragastrically and intrarectally with either Bacteroides, Eubacterium, or Fusobacterium strains. The fourth group of monoassociated mice was inoculated with all three strains of the strict anaerobes. The population levels of each of the anaerobic strains in the ceca of these mice were compared after 3 and 7 weeks of colonization (Table 2 ). Bacteroides population levels determined by immunofluorescent counts were approximately 100-fold less in gnotobiotes colonized with all three anaerobic strains plus E. coli C25 as compared with their levels in gnotobiotes colonized with only Bacteroides and E. coli C25. Eubacterium population levels, however, were not reduced in the presence of Bacteroides and Fusobacterium. Eubacterium or Fusobacterium population levels were not reduced even after association with the other anaerobic strains for (Table 3) . Thus, strictly anaerobic Eubacterium and Fusobacterium strains colonizing the ceca of gnotobiotic mice caused a reduction in the in vivo population levels of a strictly anaerobic Bacteroides strain. This in vivo model demonstrates antagonism among strictly anaerobic bacteria indigenous to the mouse gastrointestinal tract. DISCUSSION The Bacteroides sp., Eubacterium sp., and Fusobacterium sp. are not distinguishable by their colonial morphology on agar plates. Thus, the viable plate count method could not be used for quantitating bacterial antagonism among these anaerobes. Furthermore, the bacterial strains not being antagonized would overgrow the agar plates spread with the dilution of cecal homogenate and the antagonized strain could not be quantitated. In preliminary tests, these three anaerobic bacteria also could not be separated by being cultured on agar media containing various antibiotics, dyes, or other inhibitory chemicals. It was possible, however, to determine the population level of each anaerobic strain in the mixed flora of the gnotobiotes by counting only the bacterial strain that fluoresced after reacting with fluorescein-conjugated antisera specific for each strain. Both living and dead bacteria can be counted by this immunofluorescence method. Immunofluorescence counts, however, may provide more reliable data than viable plate counts, since the anaerobes unable to grow on the enriched TSA plates will still be counted by the immunofluorescence method. It is possible that a particular strict anaerobe will grow on the enriched TSA only if it has reached a certain physiological state or growth stage at the time of culture. The physiological state of the bacteria, however, should not influence the immunofluorescent counts.
Bacterial antagonism or interference among various bacterial species has been demonstrated on the skin (23) and in the mouth (26) , throat (24) , and intestines (8) (2) suggest that the anaerobes produce volatile fatty acids, such as acetic and butyric acids, which inhibit the metabolism of Shigella cells. These organic acids apparently penetrate the bacterial cell membrane at low pH and produce their toxic effects intracellularly. Levison (17) speculates that fatty acids may uncouple oxidative phosphorylation and inhibit adenosine triphosphate-inorganic P04 exchange. I know of no studies, however, concerning the mechanism(s) whereby strictly anaerobic bacteria reduce the population levels of other strict anaerobes. The The mechanisms operating during bacterial antagonism are dependent upon existing environmental conditions. Freter (9, 10) suggests that bacterial antagonism of a population of E. coli C25 operates by at least three mechanisms in anaerobic continuous flow cultures consisting of the entire cecal microflora of a mouse plus E. coli C25. The three mechanisms are: (i) competition for carbon and energy sources, (ii) inhibitory fatty acids functioning at low pH, and (iii) an unidentified volatile inhibitor. The environment in the continuous flow culture determines which mechanism(s) is operating at any particular time. Thus, the environment selects for the mechanism(s) operating in bacterial antagonism and complicates attempts to elucidate these mechanisms in vivo. These studies are further complicated because the physiological state of the population of bacterial species being examined may determine whether or not this organism antagonizes or is antagonized by other bacteria. For example, a bacterium that is already adapted to the environment of the gastrointestinal tract is less likely to be inhibited by bacterial antagonism than one that has not adapted previously to this environment (22) . Therefore, the elucidation of the mechanisms by which bacterial antagonism operates in vivo will be very difficult because of the complex interactions between the environment and these mechanisms.
The results described in this paper demonstrate that bacterial antagonism can occur in vivo between certain strictly anaerobic bacteria that normally colonize the mouse gastrointestinal tract. This gnotobiotic mouse model of bacteria antagonism among strictly anaerobic bacteria may prove useful for identifying the actual mechanisms operating during bacterial antagonism. This model can also be used to test other hypotheses concerning mechanisms whereby the host controls the composition and population levels of its indigenous microflora. For example, Shedlofsky and Freter (22) 
